Nanostructure yttria-stabilized zirconia (nano-YSZ) /Al 2 O 3 composite coatings were deposited on Inconel super-alloy substrates by electrophoretic deposition. Aluminum and nano-YSZ particles were utilized for reaction bonding at high temperatures. After aluminum oxidation at 650 C, sintering process was carried out at temperature ranges of 1100-1250 C. It was found that the presence of aluminum in the green coatings improves bonding and also compensates for the coatings' volume shrinkage during sintering. The average crystallite sizes for all sintering temperatures were laid on a nanometric scale. Crystallite sizes of various YSZ/Al 2 O 3 nanocomposite coatings were calculated via Scherer's formula and the measures were in a reasonable agreement with the field-emission scanning electron microscopic results. The average grain size increased from 52.4 nm at 1100 C for YSZ, to 68.3 nm at 1250 C for YSZ/Al 2 O 3 nanocomposite coatings. The nanocomposite coatings, which sintered at 1250 C for 4 h exhibited an optimized self-crack healing capacity with lesser microcrack content.
Introduction
Thermal barrier coatings (TBCs) are used extensively for high-temperature applications such as steam and jet gas turbines, combustion chambers, and some aerospace devices. They reduce heat transfer rate through the coating material and protect the metal components from hot temperature oxidation and corrosion. [1] [2] [3] Usual configuration for a TBC is a ceramic material layer coated over a metallic substrate. Commonly, ceramic coatings are resistant to wear, corrosion, and oxidation due to their higher surface hardness and better chemical stability in comparison with the conventional metallic coatings. 2, 4 On the other hand, they are brittle and susceptible to sudden failures. 5 In such cases, ceramic matrix composites (CMCs) can be considered as reliable substitutions for many cases. Although there are variety of approaches to manufacture CMCs, common challenges are minimizing the defects size introduced into the composite during fabrication and selecting appropriate reinforcements because their analogy with matrix and their distribution can affect service reliability and mechanical integrity. 6, 7 Yttria-stabilized zirconia (YSZ) is frequently of interest as a matrix due to its excellent mechanical properties such as high bending strength, proper fracture toughness, and low thermal conductivity. 8, 9 Al 2 O 3 can also be considered as a reinforcement in YSZ due to its outstanding properties like hardness, chemical and wear resistances, and improved fracture strength.
performance of these composite coatings, therefore these composites can be used extensively in cutting tools. [12] [13] [14] Comparing with other manufacturing techniques, electrophoretic deposition (EPD) comforts construction at lower costs and higher speeds. 15, 16 Conventionally, the sintering temperatures of YSZ are considered to be 1400 C and even higher temperatures. 17 High temperatures can damage the metallic parts. Also, volume shrinkage of the coatings during sintering process may result in crack formation. 18, 19 In order to vanquish those disadvantages of high sintering temperatures, reaction bonding technique can be used alternatively in some cases. 20 The combined use of EPD and reaction bonding process can facilitate fabrication of dense crack-free coatings; and reduce the sintering temperatures to lower than usual ones. 21 In the case of YSZ/Al co-deposition, Al can be considered as the reactive bonding agent. During the sintering process in an oxidant atmosphere, Al particles convert to nanometer-sized Al 2 O 3 and hold the primary particles together. The volume expansion during the oxidation can at least partially compensate for the sintering shrinkages of the coating. [21] [22] [23] The compressive residual stresses existing in the Al matrix was attributed to the thermal expansion mismatch between YSZ and alumina. Alumina microstructure refinement due to the presence of zirconia can partially improve the strength of these composites. It is believed that the best properties of these composites can be expected from the alumina particles embedded in the nano-zirconia matrix, which can lead to slower crack growth and enhance crack growth stability. 24, 25 Firstly, Wang et al. 20 utilized a reaction bonding process for fabricating YSZ/Al 2 O 3 composite coatings on the Fe-Cr alloys. They found that the presence of Al compensated the volume shrinkage of green coatings and also promoted the adherence of the coatings to the metal substrate. Another investigation on the reactive bonding was performed by Mahmudi et al. 26, 27 where they studied the Al 2 O 3 /Ti composite coatings.
In this paper, reaction bonding between Inconel substrate and Al, which was not investigated previously is discussed. In addition, different sintering approaches were employed in order to increase the bonding strength between substrate and coatings at relatively lower temperatures. Lastly, in order to choose the most appropriate sintering approach, the compositional and microstructural integrity, mechanical properties, and topographical measurements of the composite coatings were analyzed utilizing the X-ray diffraction methods (XRD), field-emission scanning electron microscopy (FE-SEM), microhardness measurements, and atomic force microscopy (AFM), respectively.
Experimental procedures

Materials and processing
In order to prepare the EPD suspensions, 25 g/L of YSZ powder was used (3YSZ, >99%, Star Chemical, China). The average particle size of YSZ was about 50 nm. About 0.08 g/L Iron (III) oxide (>99.5%, Alfa Aesar, UK) was used as the sintering aid. Around 2.5 g/ L of Al powders (>99.5%, PMC, Iran) with the particle sizes lower than 60 mm were also used. 28, 29 A mixture of ethanol (>99%, Sigma-Aldrich, UK) and acetyl-acetone (ACAC, > 99%, Sigma-Aldrich, UK) with a volume ratio of 40:60, which was found to be an effective medium for YSZ and Al particles suspension was prepared. 28, 30 About 0.5 g/L of iodine (Merck Chemicals, Germany) was also used to adjust the particle surface charge in the suspensions. 31 In order to obtain the homogeneous suspensions before co-depositing of YSZ and Al on Inconel substrate, suspensions were magnetically stirred for 45 min and ultrasonically dispersed for 30 min. TBC samples consisted of Inconel super-alloy substrate and Ni-Cr-Al-Y bond-coat. Inconel 718 was used as the substrate and bond-coat mixture powder was a commercially available Ni-CrAl-Y feedstock (KF-343, BGRIMM, Beijing, China). The utilized EPD cell consisted of vertically set Inconel and stainless steel electrodes with a separation distance of 200 mm in the suspension. The surface area of the electrodes was 2.5 Â 10 Â 2.5 mm 3 . The overall deposition time was about 4 min and the applied voltage was fixed at 45 V. 32, 33 The green-coated specimens were dried at room temperature for 24 h and then placed in an electrical tube furnace for oxidation and sintering. 34 Dried coatings were sintered in two steps. The sintering cycles are shown in Figure 1 . In the first step, heating at 650 C for 5 h led to an increment of the bonding strength by Al melting and oxidation by suppressing crack formation due to a thermal mismatch between the YSZ coating and the substrate. In the second step, samples were heated to 1100 C, 1150 C, 1200 C, and 1250 C to increase the adhesion and the density of the coatings. Then, they were cooled in the furnace to the ambient temperatures. 35 
Characterization
Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were conducted to study the Al powder reactions with oxygen up to 800 C with the heating rate of 5 C/min. YSZ/Al 2 O 3 phase identifications were also performed by a X-ray diffractometer (XRD) (Siemens D-500) before and after sintering. The X'pert High Score software with PDF2 database was employed to analyze the XRD patterns. The microstructures of the sintered coatings and the progress of sintering process were investigated by a field emission scanning electron microscope (FE-SEM) (MIRA3, TE-scan, Czech). Morphology and roughness of the sintered coatings surfaces were investigated by an atomic force microscope (AFM) (model Nano-surf Mobile, S Instruments Switzerland). Microhardness measurements were carried out under a load of 100 N ($1000 g) for 10 s on the top surfaces of the coatings and results were reported on Vickers scale. Five measurements were taken for each sample and four samples were analyzed for each condition, then the averages were reported.
Results and discussions
EPD and sintering process Figure 2 shows an optical microscopic image of YSZ/Al green EPD coating. The larger and spherical Al particles can be distinguished easily from the much finer YSZ, which is distributed as the uniform matrix material. This indicates that the mixed acetyl-acetone and ethanol solvents were effective in breaking the agglomerates and producing stable colloid suspensions. This result is consistent with the ones that were reported by Li et al. 36 and Yuan et al. 37 In order to study the oxidation behavior of Al in the coating, thermal analysis was carried out on 10 h milled Al powder (Figure 3 ). It can be seen that there is an endothermic peak at 638 C and an exothermic one at 690 C, which correspond to the melting and oxidation temperatures, respectively. 38, 39 Also, there is a significant weight gain from room temperature to 800 C. Maximum Al oxidation rate is related to 690 C. Increasing temperature up to 750 C leads to more weight gain due to the completion of Al oxidation. 21, 36 Phase characterization of YSZ/Al 2 O 3 nanocomposite coatings by XRD The phase transitions from YSZ/Al to YSZ/Al 2 O 3 nanocomposites are shown in Figure 4 for 1100 C, 1150 C, 1200 C, and 1250 C. The sharp diffraction patterns were perfectly matched with those of a-Al 2 O 3 and YSZ. The Al diffraction peaks disappeared after sintering at 1150 C in air and they were substituted by Al 2 O 3 ones. The volume expansion of Al during oxidation and sintering compensates the sintering shrinkages at least partially. In other words, matching between the sintering shrinkages of the coating and the substrate was important for producing dense coatings. 21 As a result, melted Al improved adhesion between the particles of the coating and increased the bonding strength between the coating and the substrate. 40 In Figure 5 , XRD patterns of (113) plane for Al 2 O 3 composite coating (in 2y ¼ 43.4) was magnified after sintering at different temperatures. It is obvious that the sharp diffraction peaks of Al 2 O 3 were broadened as a function of sintering temperatures. It can be seen that the peak height increases with increasing sintering temperature. Therefore, it is reasonable to conclude that higher temperatures lead to more Al 2 O 3 content. There was a small height increment in the peak for the composite coatings, which has been sintered at 1250 C and lower. 41 Crystallite sizes (D) of the samples are also calculated and listed in Table 1 using Scherer's formula
where K is a constant having different values for different grain shapes, is the wavelength of X-ray, is the full width at the half maxima (FWHM), and y is the Bragg's angle. Figure 6 shows the potential effect of the sintering temperature on the average YSZ particle size. It is observed that increasing temperature leads to lower variation in the crystallite size distribution, where crystallite sizes for all sintering temperatures remained in nanometric scales. Also, it can be seen that the grain size was increased from 52.4 nm at 1100 C, to 68.3 nm at 1250
C for YSZ/Al 2 O 3 nanocomposite coatings. Figure 7 shows the FE-SEM micrographs of YSZ/ Al 2 O 3 nano-composite coatings after isothermal oxidation at various temperatures in air. The porosity and the pinhole of the surface were decreased with increasing sintering temperatures. Moreover, the particles adhered together to form larger grains and the grain boundaries appeared more clearly by gradually increasing temperatures. Crack healing was improved with an increment in the sintering temperature. Also, it was found that Al addition to green YSZ caused better densification. Due to the volume expansion during Al oxidation, a dense YSZ/Al 2 O 3 nanocomposite coatings was obtained at 1250 C. However, numerous cracks were visible on the surface of the YSZ/Al 2 O 3 nanocomposite coatings.
FE-SEM analysis
36,43,44 Figure 8 shows the FE-SEM micrograph of the sample sintered at 1250 C for 4 h and the corresponding EDS analysis of the focused area. According to the EDS results, two phases of the coating can be identified as Al 2 O 3 and YSZ. As can be seen in Figure 8 , Al 2 O 3 distribution in the YSZ matrix allows the composite coating to maintain its adherence to the Inconel substrate, because it lowers the microcracks by compensating for the sintering shrinkages of the coating.
21-23
Roughness investigations by AFM
Surface roughness of the nanocomposite coatings was analyzed by AFM. Root-mean-square roughness (RMS or R q ) and average roughness amplitude (R a ) were measured for each sample. 45 Figure 9 shows the threedimensional AFM images of YSZ/Al 2 O 3 nanocomposite coatings sintered at different temperatures. The nanocomposite coatings sintered at 1250 C shows a homogeneous surface with low R a and R q (Table 2) . Firstly, due to the fulfilment of the sintering process, by enhancing the temperature, R q decreased from 132.5 to 96.0 nm and R a from 103.02 to 83.9 nm. As a result, the surface became smoother. In addition, it can be observed that when temperature was increased, small particles adhered to form larger grains. 45, 46 Hardness test The hardness test results are shown in Figure 10 . It can be seen that the microhardness is increased as a function of temperature. The highest value (4.202 GPa) was obtained for samples sintered at 1250 C. Sintering at low temperatures causes poor mechanical properties because of low densification. It is noteworthy to point out that an increment in the average crystallite size could also have a partial contribution in the resultant composite hardness due to the strengthening mechanism of grain refinement. It was clear that the formation of alumina phase in the matrix ( Figure 5 ) can also lead to higher hardness values. 46 In other words, increasing sintering temperature can comfort neck formation between the separated particles and facilitates diffusion, which in turn can be considered as a significant factor in the completion of the sintering process. For the sake of elaboration, it is worthwhile to assert that the sintering temperature was not as high as it was needed to activate the grain growth mechanisms/ Ostwald ripening-the stage in which smaller grains disappear, in return for the growth of the larger ones-especially in the ceramic coating layer.
47,48
Conclusions YSZ/Al 2 O 3 nanocomposite coatings have been successfully formed by the EPD method on the Inconel substrate.
1. The addition of Al to the green form composites not only leads to the formation of crack-free composite coatings, but also promotes sintering at relatively low temperatures. 2. Due to Al melting and oxidation during sintering, the hardness of the coating was increased and this in turn suppressed the formation of the cracks, which are introduce into the coating and Inconel substrate due to the mismatch between thermal expansion coefficients. 
